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Abstract. Mounting evidence now shows that ﬁshing activity modiﬁes both heritable life-
history traits and ecological processes in harvested populations. However, ecological and
evolutionary changes are intimately linked and can occur on the same time scale, and few
studies have investigated their combined effect on ﬁsh population dynamics. Here, we contrast
two population subunits of a harvested ﬁsh species in the Northeast Atlantic, the European
hake (Merluccius merluccius), in the light of the emerging ﬁeld of evolutionary demography,
which considers the interacting processes between ecology and evolution. The two subunits
experienced similar age/size truncation due to size-selective ﬁshing, but displayed differences in
key ecological processes (recruitment success) and phenotypic characteristics (maturation
schedule). We investigate how temporal variation in maturation and recruitment success
interactively shape the population dynamics of the two subunits.
We document that the two subunits of European hake displayed different responses to
ﬁshing in maturation schedules, possibly because of the different level of adaptive phenotypic
plasticity. Our results also suggest that high phenotypic plasticity can dampen the effects of
ﬁsheries-induced demographic truncation on population dynamics, whereas a population
subunit characterized by low phenotypic plasticity may suffer from additive effects of
ecological and life-history responses. Similar ﬁshing pressure may thus trigger contrasting
interactions between life history variation and ecological processes within the same
population. The presented ﬁndings improve our understanding of how ﬁshing impacts eco-
evolutionary dynamics, which is a keystone for a more comprehensive management of
harvested species.
Key words: contemporary evolution; demographic erosion; European hake; evolutionary demography;
ﬁsheries conservation; ﬁshing-induced effects; Merluccius merluccius; phenotypic plasticity.
INTRODUCTION
Understanding how ﬁshing modiﬁes the natural
mechanisms that regulate ﬁsh populations’ productivity
is of serious concerns for ﬁsheries ecologists (Rose et al.
2001, Lorenzen and Enberg 2002). This understanding is
a prerequisite for designing stock-speciﬁc conservation
strategies and for better predicting the future function-
ing of marine ecosystems (Fisher et al. 2010). Particu-
larly, natural mechanisms of regulation can be modiﬁed
by the disproportional removal of older and larger
individuals due to ﬁshing activity (Law 2000). The view
embodied in ﬁsheries science is that variation of adult
density is the main factor regulating the juvenile
survival, while changes in phenotypic characteristics of
adults have been investigated as independent processes
(Lorenzen and Enberg 2002). However, phenotypic
variation can have an essential role in the population
regulation of harvested species (Goodwin et al. 2006,
Marshall et al. 2010).
The effects of size-selective ﬁshing on both population
dynamics and life history have been documented
worldwide (for a review, see Jørgensen et al. [2007],
Hsieh et al. [2010]). For instance, the erosion of the age
structure makes populations more dependent on youn-
ger age classes (i.e., demographic erosion; Ottersen
2008), which tightens the link between population and
environmental variability (Anderson et al. 2008). Size-
selective exploitation also affects population dynamics
through diminishing maternal inﬂuences, which reduces
the positive effect of size-related reproductive traits
(fecundity, quality of eggs, or bet-hedging strategies) on
the offspring survival (Venturelli et al. 2010). Further-
more, there is accumulating evidence that selective
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ﬁshing also causes evolutionary changes in ﬁtness-
related traits like growth and maturation (Olsen et al.
2004, Swain et al. 2007). However, few studies have
investigated how ﬁshing-induced changes in life history
and demography interact to shape population dynamics.
This remains a serious challenge for ﬁsheries ecology.
Evolutionary demography, or eco-evolutionary dy-
namics, aims to integrate ecological responses in
evolutionary studies, as well as evolutionary responses
in ecological studies, to comprehend the interplay
between these processes (Pelletier et al. 2007, Ezard et
al. 2009). Phenotypic plasticity (i.e., the ability of a
genotype to produce different phenotypes across an
environmental gradient) can modify this interplay due to
its potential to reduce evolutionary change (Price et al.
2003, Reed et al. 2010, Ellner et al. 2011). This is of
paramount importance in exploited marine populations
because phenotypic plasticity may constrain the evolu-
tionary impact of human-induced selection (Law 2000,
Marshall and McAdam 2007). In addition, individuals
inhabiting heterogeneous environments are more prone
to display plastic changes in their life history traits (Reed
et al. 2010). This is the case in spatially structured
marine populations, in which subunits (i.e., demes) can
be affected differently by environmental heterogeneity
(Kareiva 1990). In this case, evolutionary demography
may differ for subpopulations colonizing environments
of different complexity, provided that local selection
pressures outweigh the homogenizing effect of gene ﬂow.
To investigate the inﬂuence of ﬁshing in shaping
evolutionary demography, a ﬁrst step is to study
populations or sub-populations of the same species.
We selected a long-term exploited species in the
Eastern Atlantic (European hake, Merluccius merluc-
cius; see Plate 1) that exhibits a complex spatial structure
with two main demes consistent with two current
management units (i.e., stocks). These demes are not
genetically different (Pita et al. 2011) but display
spatially independent and temporally stable spawning
aggregations (Fig. 1a), and distinct recruitment dynam-
ics (Hidalgo et al. 2012; see also Material and Methods).
Thus, they were investigated as independent demes
within a population. The two demes were historically
affected by the same size-selective pattern of ﬁshing
mainly targeting the adult stock (ICES 2009, Murua
2010), displaying similar temporal trends in population
biomass (Fig. 1b) and a progressive demographic
erosion of age structure (Fig. 1c). By contrast, temporal
trends in length at maturity differed considerably
between the two demes (Fig. 1d; Domı´nguez-Petit et
FIG. 1. (a) Area covered by the north (NA, black square) and south (SA, gray square) management units of hake investigated
as independent demes (Pita et al. 2011). Light and dark gray areas of the ocean indicate the main nursery and spawning areas,
respectively; GS and CS refer to Galician shelf and Celtic Sea (see Materials and Methods for study system description). Graphs
show temporal variation of (b) deme biomass, (c) mean age of spawners (spawning stock biomass, SSB) and (d) lengths at 50%
probability of being mature (error bars represent SE). Black and gray lines refer to the north and the south demes, respectively.
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al. 2008). These characteristics make hake a suitable case
study to investigate interactions between ecological
processes (i.e., recruitment) and life history dynamics
(i.e., maturation) on population dynamics, and whether
ﬁshing alters this interaction.
The underlying hypothesis is that the level of
phenotypic plasticity in length at maturation shapes
the interaction between phenotypic changes and ecolog-
ical processes. To understand how ﬁshing modiﬁes this
interaction, we synthesize and combine results from
three modeling techniques within an evolutionary
demography framework (Fig. 2). First we investigate
temporal changes in the phenotype, estimating matura-
tion reaction norms for each deme to elucidate the
relative contribution of adaptive changes vs. phenotypic
plasticity in the maturation schedules. Second, we
examine the temporal changes in the recruitment process
by analyzing variation in recruitment success and how
the density-dependent regulation in stock-recruitment
models changes over time. Finally, we used age-
structured matrix models to investigate the population
dynamics consequences of the interaction between
changes in the recruitment success and those in
maturation schedules. Matrix models are well suited to
investigate this interaction since one of the vital rates of
the matrix structure is the reproductive rate, which
explicitly results from the combination of maturation
rates and recruitment success (see Materials and
Methods and Fig. 2).
MATERIALS AND METHODS
Two contiguous contrasting systems
The two contiguous demes of the hake population in
the Northeast Atlantic inhabit contrasting environments
(e.g., hydrographical characteristics) that results in
different degrees of environmental and population
heterogeneity (Fig. 1a). The north deme displays a large
spawning area along the shelf break of the broad
continental shelf of the Bay of Biscay, while the Celtic
Sea being the main nursery area. The large-scale
hydrography in the Bay of Biscay controls the zoo-
plankton dynamics and the recruitment success of hake
in the whole north deme (Goikoetxea and Irigoien
2013). By contrast, the south deme is distributed along
the Atlantic Iberian coast and the Cantabric Sea, which
are both characterized by a narrow continental shelf.
This makes spatial distributions more patchy compared
to the north deme. The spawning areas are mainly
located in the Galician waters (Domı´nguez-Petit et al.
2008) while the nursery areas are often found around
orographic structures such as big capes where primary
and secondary production locally increases (Sa´nchez
and Gil 2000). Thus, small hydrographical processes
such us Iberian upwelling (Domı´nguez-Petit et al. 2008)
or the strength of shelf-edge currents (Sa´nchez and Gil
2000) are the main environmental drivers inﬂuencing the
recruitment dynamics at the south deme.
The window of data analyzed in the present study
includes two periods of contrasting demography (mean
age, Fig. 1c) of the spawning stock as well as different
lengths at 50% probability of being mature (Fig. 1d).
Both the north and the south deme experienced a similar
progressive truncation of age structure that is maxi-
mized around the early nineties in both stocks (Hidalgo
et al. 2012). The strategy of the present study is,
therefore, to compare two periods that are contrasted
in terms of age structure and lengths at 50% probability
of being mature in both population subunits. For
comparative analytical purposes (i.e., a balanced num-
ber of years between periods) and synthesis of the results
between population subunits, two periods were selected:
before 1995 and from 1996 onward. Note that the lack
of maturity-at-length (see Life history and demographic
FIG. 2. Evolutionary demography framework applied combining information from three modeling techniques (probabilistic
maturations reaction norms, stock–recruitment relationships, and age-structured matrix models) in a combined and integrative
manner. Key information to be discussed and analyzed for each technique within an evolutionary demography framework is
speciﬁed. Note that temporal variation of ecological and evolutionary properties are investigated in the present study applying
time-varying analytical approaches, with the exception of the reaction norms due to data restrictions (see speciﬁc methodology in
Maturation reaction norms).
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information section hereafter) in a critical period
between 1991 and 1995 inﬂuences the selection of these
two periods. Given the contrasting age structure
between periods for the two subunits, we refer to the
time period before 1995 as the ‘‘pre-truncated period’’
and to the period from 1996 onward as the ‘‘truncated
period.’’
Life history and demographic information
Maturity was macroscopically assessed using gonads
sampled monthly in the main spawning areas from 1983
to 2008 for the south deme and for 1987–1990 and 1996–
2008 for the north deme (details in Domı´nguez-Petit et
al. 2008). Age-structured abundance and spawning stock
biomass were extracted for the period 1978–2008 (north
deme) and 1982–2008 (south deme) from the hake
assessment of the International Council for the Explo-
ration of the Sea (ICES 2009). These ICES groups used
virtual population analyses with extended survivor
analysis (VPA-XSA) to estimate abundance-at-age
based on commercial catch data tuned to survey data.
In these assessment procedures, no stock–recruitment
relationship is assumed. Note that annual estimates of
maturity-at-age for the north deme are not available for
two periods: 1978–1986 and 1991–1995. For population
dynamics purposes of this subunit, the maturity-at-age
matrix of 1986 was extended backward, while a weighted
estimation was applied to interpolate between 1991 and
1995. To do that, we considered a progressive contribu-
tion of the information of the two years on the edge
(1990 and 1996), applying a weighting vector (0.16, 0.33,
0.5, 0.66, 0.83) to calculate the maturity-at-age of the
ﬁve unavailable years.
Maturation reaction norms
We applied the probabilistic maturation reaction
norms approach to compare the reaction norm mid-
points (i.e., combinations of age and size for which the
estimated probability of maturing is 50%) between the
two contrasting periods. This methodology can help to
disentangle phenotypically plastic and evolutionary
changes in maturation schedules (Barot et al. 2004,
Olsen et al. 2004). Probabilistic reaction norms for age
and size at maturation are deﬁned by the age- and size-
speciﬁc probabilities at which individuals within a
cohort mature during a given time interval (Heino et
al. 2002), which overcomes the confounding effects of
growth and mortality (often environment dependent).
The probability of maturing at a given age and size
(m(a,s)) was calculated from the probability of being
mature at that age and size (i.e., the maturity ogive,
o(a,s)) and the probability of being mature at the
previous age and size (o(a  1, s  Ds(a))), which was
inferred on the mean annual growth increment (Ds):
m(a,s) ¼ [o(a,s) – o(a  1, s – Ds(a))]/[1 – o(a  1, s –
Ds(a))]. To compare periods with contrasting demo-
graphic structure (Fig. 1c) and different lengths at 50%
probability of being mature (Fig. 1d), information of the
pre-truncated and of the truncated period was pooled
for each of the two demes. For each deme and period we
calculated the probabilistic reaction norm midpoints for
age-2 and age-3, corresponding to the size classes at
which most of the ﬁsh mature. We expect that large
differences between reaction norms of each period could
suggest a potentially higher contribution of evolutionary
changes to the maturation schedules compared to
phenotypically plastic variation.
Age estimations for hake have an inherent uncertainty
due to the difﬁculty of interpretation of the annual rings
of the otoliths (ICES 2009, Murua 2010). This would
bias our reaction norm estimates due to the sensitivity of
the probabilistic reaction norms to changes in somatic
growth (Dieckmann and Heino 2007), and thus prevent
of the calculation of probabilistic maturation reaction
norms by cohort. To circumvent this limitation and to
be able to evaluate a potential effect of changes in
somatic growth on the reaction norms, we adopted the
strategy of testing the sensitivity of the reaction norms
estimated to simulated variation in hake aging using a
range of somatic growth rate scenarios (Ohlberger et al.
2011). Particularly, we used simulations to identify the
most likely somatic growth scenarios (higher, equal, or
lower) in the pre-truncated period compared to the more
recent period, which was used as known reference (see
simulations in Appendix A). These growth scenarios
illustrate the different contributions of plastic and
adaptive mechanisms at each population subunit by
allowing a comparison of the maturation reaction norm
midpoints between periods. Once the most likely
somatic growth scenario was identiﬁed for each popu-
lation subunit, we averaged information for age-2 and
age-3 to present the maturation reaction norm mid-
points for each population subunit and for each of the
selected periods.
Non-stationarity of population regulation
Growing evidence suggests that stock–recruitment
relationships (SRs) of ﬁsh populations are not tempo-
rally static (Enberg et al. 2010, McClatchie et al. 2010,
Olsen et al. 2011). Ecological characteristics such as
environmental inﬂuences, density dependence or steep-
ness can change with time at different time scales. We
here investigate potential temporal changes in the
density-dependent regulation of the recruitment success.
We particularly examine changes in the density-depen-
dent parameter of SRs that has been observed to
temporally correlate with changes in life history
characteristics (Goodwin et al. 2006). Several studies
highlight the utility of stock-recruitment relationships to
investigate density-dependent processes (e.g., survival;
Minto et al. 2008) and their relationships with life
history (Goodwin et al. 2006).
As preliminary analyses we compared the ﬁt over the
whole time series of the two most common SRs
assuming density-dependent regulation in order to
identify which model best explains SR: the Ricker
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model (overcompensation regulation) and the Beverton-
Holt model (saturation regulation; see Appendix B). The
Ricker model displayed a better ﬁt for the two demes
over the whole period (Appendix B). We then applied a
12-year moving window ﬁtting the linearized transfor-
mation of the model: log(Rt/SSBt1) ¼ a0 – b(SSBt1) þ
et, where Rt is the recruitment (age-0) at year t, SSBt1
the spawning abundance at year t  1, a0 and b are the
estimated parameters, and et the error term at year t. To
analyze the temporal variation of the density-dependent
parameter (b), we applied the nls function provided in R
2.12.1 (R Development Core Team 2010), which uses the
Gauss-Newton algorithm to minimize the nonlinear
least-squares estimates of the model parameters. Note
that the size of the window was arbitrarily ﬁxed to 12
years, which represents a compromise between the
limited length of the time series and the generation time
of the species, 5.5 years (T. Rouyer, personal communi-
cation). We expect that a signiﬁcant temporal drift in b
would reﬂect a change in the density-dependent regula-
tion of recruitment within population subunit.
Population dynamics consequences
We investigated the population dynamics implications
of the interaction between maturation schedules and
recruitment success by calculating the temporal varia-
tion in population growth (r), as well as the relative
contribution (i.e., elasticity) of the reproductive rates to
changes in r. We used an age-structured matrix model
(Caswell 2001), which summarizes age-speciﬁc vital
rates: survival (S ) and the reproductive rate (RR). The
fundamental relationship of age-structured matrix mod-
els is given by Ntþ1 ¼ AtNt, where Nt is a vector
representing the number of individuals for each age class
at time t, and At is a transition (Leslie) matrix that
summarizes the dynamics of the populations between
time t and time t þ 1 (Leslie 1945, Caswell 2001). At
summarizes the vital rates and the logarithm of its
dominant eigenvalue (k) provides the population growth
rate, r. For a given year, the transition matrix (At) is
deﬁned as follows:
At ¼
RR0;t RR1;t RR2;t . . . RRimax;t
S10;t 0 0 . . . 0
0 S21;t 0 . . . 0
. . . . . . . . . . . . . . .






with Si(i1),t the survival between age-class i at year t
and age-class i – 1 at year t – 1, and with RRi,t the






where Mati,t1 is the maturation rate at age a and at time
t 1, Ni,t1 the abundance at age-class i and at time t
1, and Rt the recruitment at time t. Therefore, RRi,t
represents the key component of the present study
because results from the interaction between Mat and
the recruitment success (RSt, recruitment/(total abun-
dance of spawners), Rt/Nsp,t1), which is an annual value
independent of age. Though the two demes displayed a
similar trend in density (Fig. 1a), we had preliminary
evidence of a contrasting non-stationary pattern of
density dependence between demes. Therefore, density
dependence was not explicitly included in the matrix
model to facilitate the inter-deme comparison.
We also computed the elasticity (E) of population
growth rate to changes in reproductive rate following
methodology provided in Caswell (2001). E has been
shown to provide direct information on the effect of
size-selective ﬁshing on the population performance by
modifying the relative contribution of the reproductive
rate to the annual variation of the population growth
(Rouyer et al. 2011, Hidalgo et al. 2012). Since the
reproductive rate results from the interaction of Mat
and recruitment success, we speciﬁcally aim at disen-
tangling the inﬂuence of the changes in Mat on the
population dynamics from the ecological effects of the
recruitment success. To do that, we applied two
complementary approaches.
First, we compared the realized growth rate (r) with
the capability of a population to grow independent of
the recruitment success variability. To do that, recruit-
ment-independent growth rate (rRI) was calculated using
a ‘‘partial life cycles analyses’’ (i.e., demographic models
in which part of the age-speciﬁc estimates are lacking,
e.g., Oli and Zinner [2001]). In these analyses, the
reproductive rate was replaced by Mat in the Leslie
matrix with recruitment success remaining at a constant
value of 1 for the whole study period. The parameter rRI
can easily track the inﬂuence of changes in Mat (Hidalgo
et al. 2012), and contributes to identify the absolute
contribution of the recruitment success to r depicted by
the difference between r and rRI. We also computed
elasticity of rRI to Mat variation to be compared with
elasticity of r to reproductive rate variation. To
investigate whether an increasing or decreasing pattern
of elasticity led to an overall inﬂuence on the population
growth rate trajectories at short-term scale, we applied
the 12-year moving window previously described to
calculate Pearson correlations between each type of
growth rate and their respective elasticity to reproduc-
tive-related rates. The relationship between elasticity
values and population growth rate has been previously
used to demonstrate that population growth is not
uniformly sensitive to demographic rates across different
environmental conditions and demographic states
(Ezard et al. 2008). We ask, in the present study,
whether this causative relationship changes over time
according to a change in the demographic state of the
sub-populations. We expect a change in the sign of the
correlation between elasticity and r (or rRI) from the pre-
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truncated period to the truncated period that would
indicate a switch in the control of the population
dynamics from a survival-dependent to a reproductive-
rate (or Mat, in the case of rRI)-dependent population
dynamics. The number of degrees of freedom was
adjusted to account for autocorrelation in all the
correlations performed (Pyper and Peterman 1998).
Second, we focus on the dynamics of the reproductive
rate by evaluating the relative importance of changes in
heritable phenotypic traits (i.e., Mat) and ecological
processes (i.e., recruitment success) affected by ﬁshing in
inﬂuencing the population dynamics. To do that, we
applied Hairston et al.’s framework (Hairston et al.
2005), which aimed at comparing ‘‘ecological and
evolutionary dynamics.’’ The rationale behind this
framework is that temporal changes in some attributes
of the population dynamics are the consequence of
temporal changes in ecological and evolutionary pro-
cesses (Hairston et al. 2005, Ezard et al. 2009, Ellner et
al. 2011). The simpliﬁed mathematical expression in
discrete time to one ecological and one evolutionary
effect is




Dzþ . . . ð3Þ
where X is an attribute of the population dynamics, k is
an ecological variable, z is an evolutionary variable, h is
the interval between samples and ‘‘. . .’’ are higher-order
terms including interactions between the changes in the
driving variables. In our study, we focus on the two
population dynamics attributes (X ) that will contribute
to understand the evolutionary demography of harvest-
ed ﬁsh populations because they are shaped by the
interaction of ecological and evolutionary variables
possibly inﬂuenced by ﬁshing. These attributes were
the reproductive rate and the elasticity of r to changes in
the reproductive rate (i.e., contribution of reproductive
rate to r).
Hairston et al. (2005) was the seminal work providing
a framework to investigate the consequences of tempo-
ral changes in ecological and evolutionary processes on
population dynamics attributes. However, Ellner et al.
(2011) have recently updated Hairston et al.’s approach
to disentangle ecological impacts of evolutionary change
vs. non-heritable trait change to avoid misestimating the
contribution of the ecological (k) and the evolutionary
variable (z). However, since heritability information
related to hake traits was not available and because our
aim was to compare the two demes, we do not attempt
to quantify the speciﬁc contributions and we adhere to
Hairston et al.’s approach. Thus, z is hereafter referred
to as a phenotypic variable in our study. In addition,
note that we do not aim at investigating the effect of the
environment in the present study, so we retain the global
ecological effect (k), which includes demographic and
environmental effects. We used age at 50% probability
of being mature as z, a heritable phenotypic trait that
summarizes the maturation schedules, and the recruit-
ment success as ecological variable (k). To quantify the
relative contributions of k and z on X, we apply a
general linear model for each deme in which k and z are
treated as additive or interactive covariates (Hairston et
al. 2005). The Akaike information criterion (AIC) was
used to select between the additive and the interactive
model. We applied this modeling framework to the
complete period, to the pre-truncated (before 1995) and
the truncated period (after 1996). We expect different
effects of z and k on X for each deme at each period that
would indicate a contrasting evolutionary demography
within the population (Ezard et al. 2009). For every
model, residuals were checked for homogeneity of
variance, absence of temporal autocorrelation and
violation of normality assumptions.
RESULTS
Maturation reaction norms
For the north deme, the most likely growth scenario
was similar between periods (Appendix A), suggesting
low phenotypic plasticity in somatic growth. Based on
this growth pattern, maturation reaction norms had a
negative slope and thus older individuals are more likely
to mature than younger ones at a given size (Fig. 3a).
Further, maturation reaction norms differed between
periods, with midpoints for the truncated period
considerably shifted toward young age and small size
compared to the pre-truncated period (Fig. 3a). This
suggests an evolutionary change in the maturity
schedules of the north deme.
In contrast, the south deme displayed a high
dependency on somatic growth with a lower growth
rate in the pre-truncated than in the more recent
truncated period (see Appendix A). This suggests a
higher phenotypic plasticity in somatic growth in the
south compared to the north deme. This also explains
the uncertainty of the reaction norm estimate at later
ages during the truncated period, because ﬁsh grew
faster and matured at age-2 thereby reducing the
number of ﬁrst maturing individuals at age-3 (Fig. 3b).
The resulting averaged maturation reaction norms (Fig.
3b) did not vary signiﬁcantly between periods indicating
no inﬂuence of evolutionary processes on maturity
schedules, which were instead likely shaped by plastic
responses in growth. In addition, the low variation
between periods for age-2 and the overlapping standard
deviation for age-3 suggest a maturation reaction norm
less variable in terms of size and more independent of
age compared to the north deme.
Non-stationary density dependence in stock-recruitment
relationships
The Ricker model applied over the whole time series
indicated a similar general pattern for the two demes
with signiﬁcant density dependence (b ¼ 4.55 3 106 6
5.86 3 107 [mean 6 SE], P  0.001, Fig. 4a for the
north deme; b ¼ 3.593 105 6 9.553 106, P , 0.001,
Fig. 4b for the south deme). However, clear differences
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FIG. 3. Midpoints of the probabilistic maturation reaction norm for age-2 and age-3 estimated for the pre-truncated period
(black lines) and truncated period (gray lines), and for (a) north deme and (b) south deme. Error bars indicate SD. Note that, for
the pre-truncated period (black lines), midpoints are calculated based on the most likely growth scenarios obtained from
simulations (Appendix A): similar somatic growth between periods for the north deme while lower somatic growth in the pre-
truncated than in the truncated period for the south deme.
FIG. 4. (a, b) Relationships between spawning stock biomass (SSB) and recruitment at age-0 (R) for the (a) north and (b) south
deme. Solid lines represent the predicted Ricker model for the whole time series, while the color of the circles represents the mean
age of spawners (lighter is lower, darker is higher). Dashed-dotted and dotted lines represent the predicted Ricker model for the
pre-truncated (before 1995) and post-truncated (after 1996) period respectively. (c, d) Density-dependent parameter (b; open black
circles) and coefﬁcient of variation of log recruitment success (R/SSB; gray lines) estimated applying a 12-year moving-window.
Vertical lines indicate SD and the symbols indicate the signiﬁcance of b (P, 0.005 in c and * P, 0.05 in d). Horizontal lines (solid
line, mean; broken lines, SD) indicate estimated b values for the whole period from Fig. 4a and 4b.
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appeared when the model was ﬁt for each period with
different demographic structure (Fig. 4a, b). Density
dependence calculated using a 12-year moving widow
displayed a strong and stable effect on the recruitment
dynamics of north deme until the early 1990s, consistent
with the b value of the complete time series. After that,
density dependence rapidly disappeared, presumably
due to the ﬁshing-induced demographic erosion (Fig.
4c), though the low range of spawning abundance in the
truncated period of the north deme does not allow to
properly deﬁning a stock–recruitment relationship.
Nonsigniﬁcant values of b were generally consistent
with low values of the coefﬁcient of variation (calculated
with the same moving widow) of the recruitment success
(Fig. 4c). By contrast, density dependence does not seem
to inﬂuence the recruitment dynamics at the south deme
during the ﬁrst part of the study period when the age
structure was older (Fig. 4d). Density dependence
increased (i.e., b became signiﬁcant) as the demographic
truncation progressed toward the recent years concom-
itant with an increase of the coefﬁcient of variation of
the recruitment success (Fig. 4d). This indicates that the
b parameter of the whole time series for the south deme
represents an average value of the transition from
absence of density-dependent regulation in the pre-
truncated period to that recovered in the recent period
(Fig. 4d).
Population growth rates and contribution of reproductive-
related vital rates
Realized growth rate (r) and the relative contribution
(i.e., elasticity) of the reproductive rate to changes in r
were estimated from transition matrices to investigate
the population dynamic implications of changes in the
maturation schedules and in the recruitment success.
Time series of r displayed, in general, negative values for
the two demes, which indicate the simultaneous tenden-
cy in these subpopulations to decrease until early 2000s
(Fig. 5a). By contrast, recruitment-independent growth
rate (rRI, capability of a population to grow independent
of the recruitment success variability) was always lower
compared to r for the south deme (Fig. 5b), while rRI
and r were quite similar for the north deme (Fig. 5a). In
addition, the variability of the absolute contribution of
the recruitment success (i.e., offspring survival, r  rRI)
increased through the last decades for the south while
that for north deme was cyclic and relatively stable
around zero (Fig. 5a). The parameter rRI was thus used
PLATE 1. European hake (Merluccius merluccius) at the Galician (northwestern Spain) waters. European hake is a long-term
exploited demersal species at both the North East Atlantic and Mediterranean waters. Photo credit: Jorge Herna´ndez Ucera.
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to disentangle the inﬂuence of the changes in maturity
rates from the ecological effects of the recruitment
success. These results suggest a high inﬂuence of the
annual offspring survival on the population perfor-
mance of the south deme compared to the north deme.
In both population subunits, rRI and r became more
elastic to (i.e., relatively more dependent on) the
respective reproductive-related vital rates (i.e., maturity
[Mat] and reproductive rate) with increasing age
truncation (see Appendix C). However, moving-window
correlations between growth rates and the elasticity
values showed that the overall contribution of changes
in the vital rates to changes in the growth rate was non-
stationary, displaying a different temporal pattern for
each subpopulation (Fig. 5b). For the north deme, the
correlation between rRI and its elasticity to changes in
Mat shifted from negative and signiﬁcant in the ﬁrst part
of the study period to positive and signiﬁcant in the
second part, a similar pattern observed in the correlation
between r and its elasticity to the reproductive rate (Fig.
5b). This indicated that the switch in the control of the
population growth from survival to reproductive rate
was primary mediated by the change in the maturity
rates. By contrast, while rRI at the south deme displayed
a high dependency on changes of Mat for the entire
period (Fig. 5b), the correlation between r and the
FIG. 5. (a) Temporal variation of realized growth rate (r, solid black line), recruitment-independent growth rate (rRI, dotted
black line) and the global recruitment success contribution (r – rRI, dashed gray line) calculated for the north (left-hand column)
and the south (right-hand column) deme. (b) The 12-year moving-window correlation coefﬁcients between growth rates (r in solid
line and rRI in dotted line) and their elasticity values to reproduction-related rates (see Appendix C). Circles represent signiﬁcant
correlation coefﬁcients (P , 0.05 accounting for autocorrelation). (c) Absolute change (mean 6 SE) of elasticity of r to
reproductive rate (population dynamics attribute) due to recruitment success (ecological variable, white) and length at 50%
probability of being mature (phenotypic variable, gray) for the entire period, before 1995 and after 1996. Asterisks represent
statistical signiﬁcance.
* P , 0.05; ** P , 0.01; *** P , 0.005.
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elasticity to the reproductive rate shifted from positive
and signiﬁcant in the ﬁrst part of the study to
nonsigniﬁcant in the more recent years (Fig. 5b); an
opposed pattern to that observed for the north deme.
Thus, changes in heritable maturation traits had high
inﬂuence on the population performance in the south
deme independently of the demographic state, while a
change in the recruitment success could trigger the
change in the correlation between r and the elasticity to
the reproductive rate.
Signiﬁcant moving-window correlation coefﬁcients
between r and its elasticity to the reproductive rate
(Fig. 5b) were negatively correlated to signiﬁcant density-
dependent parameters (b) estimated from the non-
stationary stock–recruitment relationships for the two
demes (binomial correlation, cor¼0.71, P 0.001 for
the north deme; cor ¼ 0.72, P , 0.05 for the south
deme). This suggests that density dependence is signiﬁ-
cantly regulating the population (at stock–recruitment
level) when the reproductive rate does not drive the
population growth. This trade-off between density
dependence and reproductive rate inﬂuence was observed
in the two demes suggesting that it occurs irrespective of
the ﬁshing effect on the demographic structure.
Finally, Hairston et al.’s framework was used to
investigate the effect of recruitment success (ecological
variable) and maturation schedules (phenotypic vari-
able) on reproductive rate and the elasticity of r to
reproductive rate—two population dynamics attributes
affected by ecological and evolutionary processes. The
additive form for all models showed lower AIC values
compared to the interactive form (see Appendix D).
Models ﬁtted for the reproductive rate were mainly
affected by the recruitment success variability (see
Appendix D), while those ﬁtted for the elasticity of r
indicated a different pattern for each deme (Fig. 4c).
Both recruitment success and maturation schedules
showed a signiﬁcant effect on the elasticity at the north
deme for both the whole and the truncated period. By
contrast, maturation schedules variability was the
unique signiﬁcant effect on the elasticity at the south
deme attending to the entire period, while an effect of
the recruitment success was observed for the truncated
period (Fig. 4c). This suggests that the effect of ﬁshing
on a low plastic phenotype and ecological processes may
additively affect population growth in the north deme
through the contribution (i.e., elasticity) of the repro-
ductive rate. By contrast, changes in the phenotype may
reduce the demographic effect of ﬁshing in the south
deme due to the inﬂuence of phenotypic variation on the
recruitment success.
DISCUSSION
Here we have demonstrated that the level of adaptive
phenotypic plasticity may inﬂuence how maturation
schedules respond to size-selective removal of ﬁsh
biomass. Our study adds to the understanding of how
phenotypic plasticity inﬂuences population dynamics
and the ability of populations to respond to natural and
anthropogenic drivers (Hutchings et al. 2007, Reed et al.
2010, 2011). We argue that populations with less plastic
but more adaptive phenotypes may display ﬁshing-
induced additive effects of the phenotype and the
demographic change on the population dynamics. This
is supported by the results obtained for the north deme,
in which the detrimental effects of ﬁshing on both
maturation schedules and recruitment success negatively
inﬂuenced reproductive rate with direct consequences
for the population growth. By contrast, populations
with more plastic phenotypes such as the south deme
may dampen the detrimental effects of the demographic
erosion due to the inﬂuence of phenotypically plastic
changes in the maturation schedules on the recruitment
success (see discussion hereafter).
As a general rule, heterogeneous environments favor
the evolution of phenotypic plasticity (Reed et al. 2011).
Thus, optimal phenotypes in complex environments
differ from optimal phenotypes in homogenous envi-
ronments (Tuljapurkar et al. 2009). Although our results
on the probabilistic maturation reaction norms support
that phenotypic variation of exploited species result
from the combination of harvest selection and natural
selection (Olsen and Moland 2011), the relative contri-
bution of each driver depends on the degree of
environmental heterogeneity (Marshall et al. 2010).
Phenotypes adapted to more homogeneous environ-
ments should be more prone to ﬁshing-induced adaptive
modiﬁcations through earlier maturation. This is likely
the scenario in the north deme, which is affected by the
large scale hydrography in the Bay of Biscay and
displays a large spawning area in which the selective
effect of ﬁshing may favor early–maturing relative to
late-maturing genotypes (e.g., Barot et al. 2004, Olsen et
al. 2004). By contrast, the changes in the maturation
schedules of the south deme were likely the result of a
plastic response in somatic growth. Reduced intraspe-
ciﬁc competition triggered by the removal of biomass
due to ﬁshing (i.e., density-dependent somatic growth;
e.g., Trippel 1995, Helser and Almeida 1997) may be one
of the plausible underlying mechanisms, while a
potential inﬂuence of environmental variability cannot
be disregarded (Domı´nguez-Petit et al. 2008, Devine and
Heino 2011). The shape of the maturation reaction norm
of this subunit suggests that growth variability main-
tains maturing probability independent of age. Since
spawners of different age can occupy space and time for
reproduction differently (Hutchings and Myers 1993),
life history traits in the south deme are likely adapted to
maintain age spawners diversity to colonize the high
spatial and temporal environmental heterogeneity that
maximizes offspring survival.
We acknowledge, however, that maturation reaction
norms can fail in identifying growth-independent effects
of environmental variation (e.g., Morita et al. 2009,
Uusi-Heikkila¨ et al. 2011). It is worth noticing that the
two demes analyzed here were affected by a similar
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increasing pattern of mean temperature during the
whole study period (Hidalgo et al. 2012), while the
maturation schedules progressed in the opposed direc-
tion. We recognize that the sharp difference in the
maturation reaction norms in the north deme could be
partially inﬂuenced by the growth-independent effects of
increasing temperature. However, we consider its effect
to be marginal compared to that induced by the size-
selective removal due to ﬁshing. In fact, recent studies on
cod in the North Sea (a neighboring area to the Bay of
Biscay) concluded that ﬁshing-induced selection toward
earlier maturation is the most parsimonious explanation
for the maturation trends observed once the temperature
effect is accounted for (Wright et al. 2011, Neuheimer
and Grønkjær 2012).
The relative contribution of human and natural
drivers to the phenotypic response is inherently linked
to the relative importance of maturation schedules and
recruitment success on the reproductive rate (Marshall
et al. 2010), and this is supported by our results. Thus, if
variation in maturation schedules is more relevant, then
the fecundity–age relationship has a strong effect on the
reproductive success increasing the maturing-age depen-
dence. Under this situation ﬁshing-induced phenotypic
and demographic changes may have additive effects on
the population dynamics, which is supported by our
results for the north deme. By contrast, in populations
(or subunits) in which life histories are more variable
(allowing the population to cope with the ﬂuctuating
environment), recruitment success may be more impor-
tant for the population dynamics. In this case, life
history variation is better adapted to maximize recruit-
ment success and can dampen demographic effects of
ﬁshing, which remains consistent with our results for the
south deme. This could also partially explain the non-
stationary pattern of population regulation depicted by
the stock recruitment models.
Density-dependent regulation (i.e., overcompensation
or saturation) requires food competition or/and preda-
tion affecting the survival of early life and pre-recruit
stages (Rose et al. 2001). Cannibalism on young age
classes is a known regulatory mechanism in the north
deme due to the spatial coexistence of different cohorts
on the broad continental shelf of the Bay of Biscay
(Mahe et al. 2007). This regulation was clearly removed
by the demographic erosion (Hidalgo et al. 2012), yet a
synergistic effect of increasing temperature in the North
Atlantic in recent decades could contribute to the
survival of early life stages in the north deme (Goikoet-
xea and Irigoien 2013). In addition to this ecological
effect, the natural selection resulting from cannibalism
on small ﬁsh historically acted in opposite direction to
the long-term harvesting selection on large ﬁsh. Togeth-
er, this could promote stabilizing selection for matura-
tion in the north deme (Carlson et al. 2007).
Contemporary removal of adults cannibalizing on
young ﬁsh could disrupt this stabilizing pattern and
magnify the directional selection toward earlier matu-
ration. By contrast, the phenotypic change in somatic
growth in the south deme caused individuals to mature
at younger age that could inﬂuence the population
regulation mechanisms. An increased contribution of
younger spawners may favor to colonize a higher
diversity of spatial and temporal environmental oppor-
tunities for reproduction proposes (Hutchings and
Myers 1993). This would stabilize density dependence
and increase the recruitment success variability, which
represents a key vital rate contributing to the absolute
population growth rate in the south compared to the
north deme. In addition, it is worth noticing that
density-dependent regulation could be also favored due
to a potential contraction of the spawning areas at lower
densities, which could strengthen competition for
resources (Rose et al. 2001).
Fishing-induced demographic erosion decreases the
overall dependence of population growth rate upon the
adult survival while it increases the dependence on the
reproductive rate (Rouyer et al. 2011, Hidalgo et al.
2012, Durant et al. 2013). However, within this scenario,
inter-annual variation of reproductive rate dependence
does not necessary lead to a correlated variation in the
growth rate. Since annual variation in reproductive rate
results from the interaction of changes in the phenotype
(i.e., maturity schedules) with variation in the recruit-
ment success, the resulting interplay may range from
additive to buffering effects on the population growth
rate. Here, we illustrate that the combination of
demographic truncation (i.e., reduction of the adult
component of a population) and adaptive juvenescence
(i.e., evolutionary change to mature at younger age) of
the spawning stock of the north deme triggered an
additive effect on the increasing dependence of the inter-
annual variability of population growth upon reproduc-
tive rate. However, the plastic response of the matura-
tion schedules of the south deme dampened such
reproductive rate dependence. Recent studies based on
long-term simulations suggest that ﬁshing induced
evolution may have a low inﬂuence on population
growth rate at longer time scales (Kuparinen and
Hutchings 2012). Our study focuses on a shorter time
scale but the results remain consistent with the study by
Kuparinen and Hutchings (2012). Our ﬁndings further
show how the interaction of evolutionary and ecological
processes through the reproductive rate may contribute
to reduce the variation in population growth and
stabilizing it in the long term.
It is worth emphasizing that our study shows two
contrasting scenarios within the same population. This
highlights the importance of embracing ecological
processes and phenotypic variation in spatially complex
populations, especially for those ecosystems shaped by
spatial fragmentation of the environment or those
receiving individuals from different geographical origin.
Heterogeneous populations, characterized by complex
population structure and life history diversity, produce
more temporal stability because of the independent but
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complementary dynamics among conspeciﬁc subpopu-
lations, so called biocomplexity (Hilborn et al. 2003,
Schindler et al. 2010). Demes within complex popula-
tions such as hake in the Atlantic do not differ in the
neutral genetic variation. However, differences in the
adaptive phenotypic traits suggest that adaptive evolu-
tion may be faster than neutral evolution and can act at
a smaller spatial scale (Conover et al. 2006). Thus,
divergence of local adaptations on a ﬁner scale can be
found even if no clear difference in genetic structure can
be detected by microsatellites (Conover et al. 2006,
Hutchings et al. 2007), which is supported by our
results.
Concluding remarks, study limitations, and future
challenges
Knowledge about mechanisms leading to spatial
variation in the degree of phenotypic plasticity within
populations is critical for understanding the interplay of
evolutionary and ecological dynamics (Reed et al. 2011).
The nascent ﬁeld of evolutionary demography represents
an emerging approach to investigate the consequences of
phenotypic variation on population dynamics/growth
(e.g., Kinnison et al. 2008, Ezard et al. 2009),
communities (e.g., Post et al. 2008, Carlson et al.
2011), ecosystems (Harmon et al. 2009, Palkovacs et
al. 2009) and the potential reciprocal feedbacks between
ecology and evolution. Here, we demonstrate the
necessity of expanding this approach to the case of
harvested species, especially to those displaying complex
spatial structures. Our study also highlights the impor-
tance of the reproductive rate for shaping the evolu-
tionary demography of exploited ﬁsh populations,
because ﬁshing can affect both its phenotypic (i.e.,
maturity rate) and its ecological (i.e., recruitment
success) component.
It is worth noticing some limitations of our study as
well as future challenges. First, we acknowledge that
applying a time-varying approach to the maturation
information would have improved our study (i.e.,
calculating maturation reaction norms by cohort). Due
to our data restrictions, we simulated somatic growth
scenarios for the two contrasting periods, which was
used to illustrate the different contributions of plastic
and adaptive changes for each deme. Second, though we
demonstrate that density-dependent regulation changes
with time, future studies will beneﬁt from including
density dependence explicitly in matrix models in a non-
stationary manner. This implies several methodological
modiﬁcations, not only applying a different density-
dependent structure to each year but also investigating
whether a different density-dependent structure might be
applied at different age classes within each year. Third,
further research will need to investigate the temporal
scale at which evolutionary demography processes
operate. Kuparinen and Hutchings (2012) showed that
a long-term population growth tends to stabilize around
zero growth independently of ﬁshing-induced evolution-
ary change. However, our results demonstrate that at a
short temporal scale (i.e., management scale), the
relative contribution of evolutionary and ecological
mechanisms that stabilize population growth are highly
diverse, even within two genetically indistinguishable
subpopulations of the same species.
To conclude, the mounting evidence that ﬁshing may
cause contemporary evolution calls for the implementa-
tion of a Darwinian ﬁsheries management (Jørgensen et
al. 2007). Our study moves forward on this view and
underscores the necessity to understand how ﬁshing
affects the trait-mediated interactions with ecological
processes. This remains a keystone for the functioning of
harvested marine ecosystems and for preserving their
services to the society. Thus, our study calls for a more
comprehensive management approach, in which species
are not only numerically assessed, but where ecological,
evolutionary, and environmental processes are also
integratively accounted for.
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